ABSTRACT: Phenylketonuria (PKU) is characterized by a high concentration of phenylalanine, which can lead to mental retardation. One of the characteristic pathologic changes in untreated phenylketonuria patients is a reduction in the number of axons, dendrites, and synapses in the brain. This is thought to be due to the toxic effects of phenylalanine and/or its metabolites, however, the underlying mechanism remains unclear. In this study, we observed that phenylalanine reduced the number of dendrites and dendritic spines in cultured neurons. We further demonstrated that phenylalanine down-regulated Rac1, Cdc42, and RhoA mRNA and protein expression. Pull-down assays indicated that phenylalanine caused a decrease in Rac1/Cdc42 activity but increased RhoA activity. Expression of a dominant negative RhoA or treatment with a Rho-associated kinase specific inhibitor, Y-27632, partly inhibited the phenylalanine-induced decrease in dendrite numbers. In conclusion, we have demonstrated that phenylalanine affects the expression and activity of Rac1, Cdc42, and RhoA. Furthermore, RhoA signaling is involved in the inhibitory effect of phenylalanine on dendritic branching. These results may provide an important insight into the molecular mechanism underlying phenylalanine-induced abnormalities of dendrites, specifically in phenylketonuria neuronal injury. (Pediatr Res 62: 8-13, 2007) P henylketonuria (PKU) is one of the most frequent inborn disorders of amino acid metabolism. It is caused by a deficiency in phenylalanine hydroxylase (PAH), resulting in an accumulation of its upstream metabolite phenylalanine, mainly in brain tissue and the cerebrospinal fluid of PKU patients. Phenylalanine interferes with brain development and results in severe MR, microcephaly, epilepsy, and behavioral problems. These symptoms appear to be the direct consequence of neuronal cell loss, white matter abnormalities, dendritic simplification, and synaptic density reduction (1-5). Previous studies demonstrated that phenylalanine reduced Naϩ, Kϩ-ATPase and creatine kinase activity in rat brain (6 -8). Moreover, some neurotransmitters such as serotonin and dopamine were deficient in PKU animal models (9). Glushakov et al. (10) found that a high concentration of phenylalanine attenuated NMDA-activated currents in cultured hippocampal neurons. In vivo 31 P-MRS demonstrated abnormalities of cerebral energy metabolism in PKU, indicating a link between phenylalanine neurotoxicity and imbalances of cerebral energy metabolism (11). Lately, Horster et al. (5) revealed that phenylalanine reduced synaptic density and simultaneously inhibited pyruvate kinase in mixed cortical cultures. Our laboratory reported that phenylalanine and its metabolites caused neuronal cell apoptosis in vitro (12, 13) . Although these observations demonstrate that phenylalanine is probably the main causative agent of brain injury in PKU, the pathophysiological mechanisms of its actions in brain injury are multiple and not fully understood.
P henylketonuria (PKU) is one of the most frequent inborn disorders of amino acid metabolism. It is caused by a deficiency in phenylalanine hydroxylase (PAH), resulting in an accumulation of its upstream metabolite phenylalanine, mainly in brain tissue and the cerebrospinal fluid of PKU patients. Phenylalanine interferes with brain development and results in severe MR, microcephaly, epilepsy, and behavioral problems. These symptoms appear to be the direct consequence of neuronal cell loss, white matter abnormalities, dendritic simplification, and synaptic density reduction (1) (2) (3) (4) (5) . Previous studies demonstrated that phenylalanine reduced Naϩ, Kϩ-ATPase and creatine kinase activity in rat brain (6 -8) . Moreover, some neurotransmitters such as serotonin and dopamine were deficient in PKU animal models (9) . Glushakov et al. (10) found that a high concentration of phenylalanine attenuated NMDA-activated currents in cultured hippocampal neurons. In vivo 31 P-MRS demonstrated abnormalities of cerebral energy metabolism in PKU, indicating a link between phenylalanine neurotoxicity and imbalances of cerebral energy metabolism (11) . Lately, Horster et al. (5) revealed that phenylalanine reduced synaptic density and simultaneously inhibited pyruvate kinase in mixed cortical cultures. Our laboratory reported that phenylalanine and its metabolites caused neuronal cell apoptosis in vitro (12, 13) . Although these observations demonstrate that phenylalanine is probably the main causative agent of brain injury in PKU, the pathophysiological mechanisms of its actions in brain injury are multiple and not fully understood.
As dendrites are the site of most synaptic contacts, dendritic development determines the number and pattern of synapses received by each neuron. Consequently, the defects in dendritic growth are profound, often accompanied by severe neurodevelopment disorders (14, 15) . Early experiments demonstrated that Down's, Ret, fraX, and fetal alcohol syndrome were associated with a reduction in dendritic spines and dendritic branches. Similar abnormalities were found in PKU, suggesting that MR was in part due to an aberrant development of connectivity (16, 17) . Thus, the proper growth and arborization of dendrites are crucial for normal nervous system function. Although these observations indicate that synaptic remodeling and dendritic plasticity are important for cognitive functions, the underlying mechanisms of abnormal dendritic development are still unclear. It is likely that the molecules involved would have the ability to influence the actin cytoskeleton, because dendritic growth and remodeling involve major cytoskeletal reorganization. Members of the Rho family of small GTPases, Rac1, Cdc42, and RhoA, are centrally involved in cytoskeletal reorganization and known to regulate neuronal morphogenesis, including migration, polarity, axon growth and guidance, dendritic elaboration and plasticity, and synapse formation (18, 19) . Mutations in Rholinked genes, such as OPHN1, PAK3, and ARHGEF6, have been reported to result in neuronal connectivity deficiencies that give rise to MR (17) . Thus, it is likely that Rho GTPases 6.8), 25% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.05% bromophenol blue], heated to 100°C for 5 min. Equalized amounts of proteins were subjected to 15% SDS-PAGE gel and blotted onto a polyvinylidene diflouride membrane. The blot was blocked for 4 -5 h at room temperature in 0.2% block-1 (Applied Biosystems, Foster City, CA), followed by incubation overnight at 4°C with primary antibodies (1:1000, mouse MAb against Rac1 and Cdc42 from Upstate Group, Waltham, MA; mouse MAb against RhoA from Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were rinsed and incubated for 1 h with peroxidase-conjugated goat anti-mouse IgG (1:10,000; Bio-Rad, Hercules, CA). Chemiluminescent detection was performed with the ECL kit (Pierce, Rockford, IL). Actin (Mouse MAb, Chemicon International) was used as loading control.
Assay for GTPase activity. We measured GTPase activity by methods as described previously (21) . Briefly, lysates of cortical neurons were preincubated with glutathione-Sepharose 4B beads (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) at 4°C for 1 h with constant rocking and then centrifuged to remove the nonspecific binding. The supernatants were incubated with the bacterially produced glutathione S-transferase (GST)-fused Rac/Cdc42-binding domain of Pak (GST-PBD; 5 g) or the Rho-binding domain of Rhotekin (GST-RBD; 20 g) bound to glutathione-coupled Sepharose beads at 4°C for 1 h with constant rocking. The beads and proteins bound to the fusion protein were washed five times with lysis buffer at 4°C, eluted in SDS sample buffer, and analyzed for bound Rac1, Cdc42, and RhoA by Western blotting using anti-Rac1, anti-Cdc42, and anti-RhoA antibodies. The quantities of Rac1, Cdc42, and RhoA activation were measured by densitometric analysis of the blots. Protein samples of 1/10th of total lysates were shown to Rac1, Cdc42, and RhoA expression by Western blotting.
Plasmid transfection dominant-negative (DN) RhoA (N19 RhoA) was described previously (21) . Neuron transfection was carried out immediately after dissociation using the Amaxa Nucleofector device and kit (Amaxa Biosystems, Cologne, Germany). Briefly, dissociated cells were resuspended in transfection medium, mixed with plasmids, and electroporated using the fixed program (O-03) to yield minimal toxicity and maximal transfection efficiency. Cells were then quickly centrifuged, resuspended, and plated.
Statistical analysis. All the data in this study are expressed as mean Ϯ SD from at least three independent experiments. Statistical analysis was performed using one-way ANOVA or by independent-samples t test. For statistical evaluations of the determined CT variations and calculated relative expression variations, data were analyzed for significant differences using relative expression software tool (REST), provided by MW Pfaffi; (20) . A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
Phenylalanine treatment decreased dendrites and dendritic spines. Using morphologic analysis, we sought to determine whether phenylalanine affected dendritic growth. 0.9 mM phenylalanine, which was determined by measuring the concentration of phenylalanine in the cerebrospinal fluid of a PKU patient, was added to the culture medium of neurons at 3 d in vitro (DIV 3). Two or four days later (DIV 5, DIV 7), neurons were fixed and double-immunostained with anti-MAP-2 (red) and anti-Tau-1 (green) so that the MAP-2-positive but Tau-1 negative dendrite was clearly discernible. We found that phenylalanine treatment decreased the number of dendrites at DIV 5 ( Fig. 1A ; control, 5.011 Ϯ 1.772 for primary dendrites, 1.973 Ϯ 1.562 for dendrite branches; Phe, 4.199 Ϯ 1.671 for primary dendrites, 1.199 Ϯ 1.091 for dendrite branches). Similar results were also observed at DIV 7 ( Fig. 1A ; control, 5.383 Ϯ 2.286 for primary dendrites, 3.539 Ϯ 2.419 for dendritic branches; Phe, 4.637 Ϯ 1.487 for primary dendrites, 2.615 Ϯ 1.914 for dendritic branches). We next determined whether phenylalanine had an effect on spine formation. Treatment with phenylalanine for 14 d (DIV 17) significantly decreased the density of dendritic spines ( Fig. 1B; control, 4.931 Ϯ 1.331; Phe, 3.642 Ϯ 0.788).
PHENYLALANINE'S AFFECT ON RHO GTPASES
Rac1, Cdc42, and Rhoa mRNA and protein expression were down-regulated by phenylalanine. Because Rac1, Cdc42, and RhoA have been shown to regulate dendritic growth (19) , we investigated whether phenylalanine affected their expression. Real-time PCR was used to study the levels of Rac1, Cdc42, and RhoA mRNA in cultured neurons. After 3 d culture, the cells were treated with 0.9 mM phenylalanine for an additional 6 h, 18 h, and 30 h. As shown in Figure 2A , phenylalanine treatment significantly down-regulated expression of Rac1 mRNA, which was 37.0 Ϯ 9.1% and 29.9 Ϯ 7.6% of control after 18 h and 30 h, respectively. Similarly, treatment with phenylalanine reduced Cdc42 mRNA levels to 29.8 Ϯ 11.9% and 27.9 Ϯ 2.0% of control and RhoA mRNA levels to 30 Ϯ 6.4% and 25.7 Ϯ 2.8% of control, respectively. These data suggest that down-regulation of Rac1, Cdc42, and RhoA expression by phenylalanine is probably mediated by inhibition of gene transcription. We further analyzed Rac1, Cdc42, and RhoA expression at the protein level. After phenylalanine treatment, Western blot analysis showed Rac1, Cdc42, and RhoA expression were time-dependently downregulated, results consistent with the down-regulation of their respective genes (Fig. 3, A-C) .
Rac1, Cdc42, and RhoA activities were affected by phenylalanine. To investigate whether phenylalanine had an effect on Rac1, Cdc42, and RhoA activities, their activities were assessed using GST pull-down assays. Our results showed that treatment with phenylalanine down-regulated Rac1 and Cdc42 activities (Fig. 3, A and B) . In contrast to the down-regulation of RhoA expression, RhoA was activated after phenylalanine treatment (Fig. 3C) . Moreover, these changes were observed after only 6 h of phenylalanine exposure.
Reduced dendrite in response to phenylalanine was mediated by RhoA signaling. Next, we investigated whether the Rho GTPases were involved in phenylalanine-induced inhibition of dendritic branching. We first examined the effect of expressing a dominant negative form of RhoA. Three days after transfection, cells were treated with phenylalanine and dendrite numbers were recorded 2 d later (DIV 5). Expression of DN-RhoA increased the number of dendrites compared with control vector. Specifically, there was no significant difference between DN-RhoA group and DN-RhoA/Phe group. This indicated that expression of DN-RhoA partially inhibited the phenylalanine-induced decrease in dendrites ( Fig. 4A; GFP, 3 .967 Ϯ 1.438 for primary dendrites, 2.05 Ϯ 1.534 for dendrite branches; GFP/Phe, 3.133 Ϯ 1.157 for primary dendrites, 1.4 Ϯ 1.355 for dendrite branches; DN RhoA, 4.889 Ϯ 1.764 for primary dendrites, 3.556 Ϯ 1.944 for dendrite branches; DN RhoA/Phe 4.8 Ϯ 1.398 for primary dendrites, 2.8 Ϯ 1.619 for dendrite branches). In our study, with the electro-transfection method we were not able to generate expression of a constitutively active Rac1 and Cdc42 in immature neurons, most likely because active forms of these proteins are toxic.
RhoA initiates cellular processes by acting on ROCK, a direct downstream effector (22) . ROCK has been shown to be particularly important in neuronal morphogenesis. This was demonstrated in several studies that had shown that RhoAmediated neurite retraction could be prevented by inhibition of 
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ROCK activity (23, 24) . To further analyze that RhoA signaling is involved in phenylalanine-induced dendritic simplification, we used Y-27632, a ROCK-specific inhibitor, to determine whether the phenylalanine-induced decrease in dendritic numbers can be reversed when ROCK activity is blocked. Three-day-old cultured neurons were pretreated with Y-27632 (10 M) for 2 h and then treated with phenylalanine for 2 d (DIV 5). Phenylalanine decreased the number of dendrites, which was restored by preincubation with Y-27632 ( Fig. 4B 
DISCUSSION
Abnormalities in dendritic morphology have been described in PKU brains. Robain et al. (25) reported a reduction in the number of dendritic branches in cerebellar Purkinje cells in the PKU rat. Cordero et al. (26) found similar changes in the basal dendritic trees of large pyramidal neurons. Lacey (27) found spars and malformed dendritic spines on layer 5 pyramidal cells. Williams et al. (28) described a decrease in dendritic spins on cortical pyramidal cell in PKU patients. Decreased synaptogenesis in the cerebral cortex of the PKU rat has also been shown (29) . An autopsy study of an untreated patient reported neuronal loss, reduced neuronal size, and decreased dendritic processes of Purkinje cells (30) . Recent evidence demonstrated a decreased synaptic density in phenylalanine-treated cortical cultures, with no changes in dendritic morphology (5) . In our neuronal cultures, we observed that phenylalanine induced a decrease in the number of dendrites and dendritic spines, suggesting a decrease in axodendritic synaptic contacts. However, some reports have been inconsistent with these observations. For example, there have been reports of an increase in the density of dendritic spines in hippocampal neurons of rat made hyperphenylalaninemic (31). These differences may be due to different quantitative methods, or the use of neuron at different developmental stages. It was concluded that phenylalanine interfered with dendritic and synaptic development.
As it is clear that Rho GTPases have important effects on the actin cytoskeleton, their involvement in nervous system development has been previously characterized (18, 19) . It is possible that the alteration of these enzymes may impair neuronal development in PKU, thereby contributing to the abnormalities in axons, dendrites, and synapses. At present, our knowledge of the role of Rho GTPases in the development, plasticity, and function of the nervous system is fragmented and sometimes contradictory. Studies examining expression of different members of the Rho GTPase family in cultured cortical neurons demonstrated that Rho GTPases were likely to function in the cortex throughout development and were also present during periods of axonal and dendritic growth. Rac1 expression was up-regulated during the early stage of neurite outgrowth, whereas RhoA expression was up-regulated during later stages, possibly during synaptogenesis. Furthermore, the number of dendrites depended on Rac1, Cdc42, and RhoA expression (19, 32, 33) . Threadgill and Ghosh (32) found that expression of dominant negative mutants of Rac and Cdc42 in cultured cortical neurons markedly reduced the number of primary dendrites. Cdc42 mutant neurons also show a reduction in dendritic spine density and defect in dendrite caliber (34) . Rac1 seemed to play a preferential role in regulating spine morphogenesis. Expression of activated Rac1 in mouse Purkinje cells resulted in drastic changes in dendritic spine morphology, whereas RhoA was implicated in limiting the growth of dendritic branches (24, 35) . However, some reports showed axonal development 11 required activation of RhoA, whereas dendritic development benefited from its inactivation (36) . Activation of RhoA had been shown to promote dendritic and axonal growth in rat cortical neurons cultivated in the presence of serum (32) . Thus, RhoA appears to have variable effects on all types of processes depending on the developmental stage of the neurons and the culture conditions. In our study, significant down-regulation of Rac1, Cdc42, and RhoA mRNA and protein expression was observed after 18 h of phenylalanine exposure. A decreased Rac1/Cdc42 activity and increased RhoA activity was observed in neurons treated with phenylalanine for more than 6 h. These data suggested that phenylalanine inhibited Rac1, Cdc42, and RhoA gene transcription and might directly affect GTP levels. We speculated that alterations in Rho GTPase activity might be partly caused by a down-regulation of their expressions. In addition, Rac1, Cdc42, and RhoA can influence each other's activity: Cdc42-activated Rac1 could antagonize Rho activation, and, in more limited cases, Rac1 down-regulated RhoA activity (37, 38) , and RhoA inhibited Rac1 activation through Rho-associated kinase-dependent pathway (39) . Furthermore, there is evidence of crosstalk between the Cdc42 and RhoA pathways in mediating axon guidance (21) . Thus, it is likely that phenylalanine-induced Rac1, Cdc42, and RhoA activity is coregulatory.
This study has demonstrated that expression of dominantnegative forms of RhoA or suppression of the RhoA downstream effector Rho kinase reverses phenylalanine-induced dendritic simplification, demonstrating that activity of the RhoA pathway may be responsible for the phenylalanineinduced changes in dendritic branching. Although phenylalanine affected the activity of Rac1/Cdc42, we could not determine whether Rac1/Cdc42 activity was important for the changes of dendrites by phenylalanine. According to previous studies (21, 24, 34, 35) , it is possible that phenylalanine-induced inhibition of Rac/Cdc42 activity is involved in the development of dendritic spines or synapses and neurite growth, although no direct evidence is forthcoming.
In summary, our results revealed decreased dendrites and dendritic spines in phenylalanine-induced cortical neurons. Furthermore, we have shown that phenylalanine affected Rac1, Cdc42 and RhoA expression and activity. In addition, phenylalanine reduced dendritic branching of the cortical neurons, which was mediated by Rho signaling. However, the biochemical and cellular mechanisms underlying impaired brain development and cerebral dysfunction by phenylalanine "toxicity" are complicated, the actin skeleton and related signaling represent only a small proportion of the mechanisms that determine the development of cognitive deficits underlying PKU. 
